A DNA fragment of about 2000 base pairs carrying the gene for has been cloned from a total Eco RI endonuclease digest of Escherichia coli DNA. Sequence analyses revealed that about the first 850 base pairs from one end of the fragment contain a nucleotide sequence corresponding to that in the 3'-end of 16S rRNA. The gene for tRNA Ile follows the 16S rRNA gene and both genes flank a spacer sequence of 68 base pairs. The spacer region contains a repeating, a hair pin and a symmetrical structure when the sequence is viewed in the single stranded form. A notable hair pin structure is also observed in the region adjacent to the 3'-end of the tRNAĝ ene. In addition, about 850 base pairs from the other end of the DNA fragment have been found to contain the nucleotide sequence of the 5'-end of 23S rRNA. The presence of the genes for tRNAj le , 16S and 23S rRNA and the hybridization to tRNA* 13 suggest that this cloned DNA is part of one of the E. coli rRNA operons carrying these two tRNA genes as a spacer.
INTRODUCTION
The primary sequences of most Eacheviahia coli tRNA species have been determined (1) and the genes for many tRNAs have also been mapped on the E. coli chromosome (2) . However, little is known about the detailed gene structure beyond the tRNA sequence except in tRNA^y r . Sequence analyses of a transducing phage DNA carrying the gene for tRNAJ' r have provided information on the fine structure of the gene including the regions for controlling gene expression, that is, the promoter and terminator (3, 4) .
Other information so far obtained on the sequence of tRNA genes was obtained by analyses of precursor RNAs. Analyses of the precursors of tRNA<? vtRNA3 hr (5) , tRNA Glu (6) , tRNA Phe (6) and tRNA**" 1 (7) provided information on the sequences of several nucleotides beyond those for the tRNAs.
For understanding the mechanism of gene expression in E. coli, our interest in the structures of tRNA genes prompted us to isolate E. coli DNA fragments carrying these genes. Fragments produced by restriction endonuclease Eco RI have been cloned using total E. coli tRNA as a probe. One of the fragments isolated in this way was about 2000 base pairs long and it hybridized with purified tRNAf le and tRNA* 13 .
This paper reports sequence analysis of 1586 base pairs of this fragment by the method of Maxam and Gilbert (8) . The first 850 base pairs from the one end of the fragment-contain the 3'-end region of the 16S rRNA gene.
The gene for tRNA 1 e follows this gene and these two genes flank a spacer region of 68 base pairs. The spacer region contains a repeating sequence, a hair pin and a symmetrical structure.
It is known that some E. coli rRNA operons (rrnA, rrnD and an unmapped operon) contain clusters of genes for 16S rRNA, tRNA lle , tRNA 1B a , 23S rRNA and 5S rRNA (9) , which are transcribed as unit (10) (11) (12) . Our results indicate that the DNA fragment cloned and sequenced in this work is part of one of these clusters of genes.
MATERIALS AND METHODS
Restriction endonuclease Eco RI, Alu I, Hind HI and Hind n were pur- The enzyme was also purchased from Boehringer Mannheim Biochemicals. Bacterial alkaline phosphatase was purchased from Worthington Biochemicals.
Preparation of a DNA fragment containing the gene for E. coli tRNAi (tPNAj).
The methods used for cloning E. coli C600 DNA fragments produced by restriction endonuclease Eco RI and detection of the plasmid DNAs carrying tRNA genes using [^2P] labeled total E. coli tRNA as a probe will be published elsewhere. One of the plasmids thus detected, pTS228, contained an E. coli DNA fragment of 2000 base pairs (tDNA 1 e ). It was hybridized
with tRNAp e and tRNA* 13 by Southern's blotting hybridization method (13) using tRNA species separated by two-dimensional polyacrylamide gel electrophoresls (14) .
E. coli HB101 (15) and h. coli HB129 harboring pMB9 (16) , the parent plasmid of pTS228, were supplied by Dr. M. Ryan, Massachusetts Institute of Technology. DNA of pTS228 was prepared by chloramphenicol amplification in host E. coli HB101 as described by Clewell and Helinskl (17) . A sample of 6 mg of pTS228 DNA was digested with 1000 units of restriction endonuclease Eco RI in reaction mixture (total volume, 1 ml) containing 0.1 M Tris-HCl (pH 7.5)-50 mM NaCl-10 mM MgCl 2 . The reaction was performed at 37" for 16
hrs and then the mixture was subjected to electrophoresis on 1 X agarose gel to separate tDNA* e from the vector DNA. The bands of DNA in the gel were stained with ethidium bromide (1 Vig/ml) and located under ultraviolet light.
The fragment was cut out of the gel and eluted electrophoretically as described by Yang et al. (18 DNA sequencing. DNA sequencing was performed essentially as described by Maxam and Gilbert (8) . The phosphate groups at the 5'-ends of double stranded restriction endonuclease fragments were removed by treatment with 5 pg/ml of bacterial alkaline phosphatase in 20 111 of 10 mM Tris-HCl (pH 7.5)-0.1 mM EDTA at 65° for 30 min. Then the phosphatase was inactivated by heating at 95° for 5 min in the presence of 5 mM EDTA, and the mixture was quickly chilled in ice and subjected to the T^-polynucleotide kinase reaction. The 5'-ends of the double stranded DNA were labeled using [Y-32 P] ATP and the kinase as described by Maxam and Gilbert (8) . Strand separation of the labeled DNA or further digestion of the DNA using a different restriction endonuclease were performed as described by Maxam and Gilbert (8) . The resulting DNA carrying labeled phosphate at one end only was subjected to sequence analysis (8) .
RESULTS
A plasmid carrying tRNA genes. DNA fragments produced by restriction endonuclease Eco RI were cloned using plasmid pMB9 as a vector. The resulting new plasmids carrying tRNA genes were detected by Southern's method of hybridization (13) 
Isolation of the DNA fragment (tDNA^e) from the plasmid and its
cleavage by restriction enzymes. When pTS228 ( When tDNA* le carrying [ . One pg of pTS228 or pMB9 was digested with 5 units of Eco RI in the reaction mixture (20 pi) described under Materials and Methods. After incubation at 37° for 1 hr, the mixture was directly subjected to electrophoresis on 1 Z agarose gel. Electrophoresis was performed at 15 mA for 16 hrs with 90 mM Tris-90 mM boric acid-4 mM EDTA as buffer. Lambda DNA (5 ug) was digested with 10 units of Eco RI and Hind m in solution (20 yl) containing 10 mM Tris-HCl (pH 7.5)-50 mM NaCl-10 mM MgCl2~14 mM DTT. The reaction was performed at 37° for 1 hr and the digestion products were used as marker DNAs, the chain lengths of which were taken from Allet and Bukhari (19) . The DNAs analyzed are, (a) pMB9 treated with Eco RI, (b) pMB9, (c) pTS228 treated with Eco RI, (d) pTS228 and (e) ADNA treated with Eco RI and Hind m .
with Alu I fragments revealed that the one end of Alu Al was located at the 41st base pair from the labeled end of Hind II A (Fig. 3 , also see Fig. 7 ).
On the other hand, the labeled end of Hind n B was identical to that of one end of Alu D (Fig. 3 , also see The nucleotide sequences TTCA (or G) and CCA that are common in tRNAs are observed in Alu Fl (Fig. 4 , left) at nucleotide numbers 123 and 143, respectively (the numbering is as described in the legend to Fig. 5 ). The corresponding nucleotide sequences are found in the complementary strand Alu F2 (Fig. 4, right) . The complete nucleotide sequence of Alu F (118 base pairs) thus determined is shown in Fig. 5 . Since the DNA fragment described here can also hybridize with tRNA Ala , it might be part of one of these three operona carrying the genes for both tRNAj le and tRNA^3. Sequence determination of the region of 500 base pairs between the genes for tRNA^e and 23S rRNA has not been completed, and the A 1 n tRNA^g gene may be in this region.
The DNA sequence determined in this work shows (1) the structure of an rRNA operon, (2) nucleotide sequences for 16S and 23S rRNA and (3) interIle esting features in non-coding regions surrounding the gene for tRNAF irst, with respect to the structure of an rRNA operon-the gene order of 16S rRNA-(spacer tRNAs)-23S rRNA-5S rRNA for an operon carrying the gene for tRNA* has been proposed by Lund et al. (26) . Our sequence provides direct evidence that the gene order in the operon is 16S rRNA-tRNAp etRNAjj-23S rRNA. Furthermore, the finding of sequences corresponding to those of 16S rRNA, tRNA^l e and 23S rRNA in this order on the same strand of DNA gives further evidence of the direction of transcription on polycistronic rRNA operons; that is, 16S rRNA-(spacer tRKAs)-23S rRNA-5S rRNA (26) . for tRNAf yr , the 3'-end of the first gene has been found to be followed by an A-T rich sequence of the intergenic spacer, and an A-T rich sequence in the terminator region is also adjacent to the 3'-end of the second gene (28, 29) . These findings suggest that an A-T rich sequence may be important during transcription of genes or processing of transcripts.
Since the primary transcript 30S rRNA is known to contain spacer tRNAs together with 16S, 23S and 5S rRNA (11, 12) , the sequence of the single stranded DNA carrying of 16S rRNA and tRNAj le corresponds to part of the precursor RNA. Fig. 8 shows the possible secondary structure of the single stranded DNA carrying the sequence for tRNA* and surrounding regions. there is a hair pin structure composed of 21 nucleotides including the two terminal nucleotides of the tRNA. As shown in Fig. 8 inset, the precursor Tyr for tRNA^ has been found to contain a similar structure composed of 5 base pairs and 2 unpaired nucleotides on top of the hair pin in the region of two nucleotides beyond the 3'-CCA end (28, 29) . Two enzyme reactions have been suggested to be involved in processing of the 3'-end of tRNA^ r (32);
first an endonuclease cleaves the precursor RNA at the position between the 7th and 8th nucleotide beyond the 3'-CCA end (indicated by a bold arrow in Fig. 8 inset) , where the 7th nucleotides is located at the 5th base pair the resulting RNA carries 7 extra nucleotides at the 3'-end, which could be removed one by one by the exonuclease.
To understand the details of the mechanism of tRNA gene expression and processing of the transcripts, the findings discussed above must be compared with findings on other tRNA genes. We have cloned several other E. coli UNA fragments carrying different tRNA genes. Sequence analyses of these genes will provide more information on these problems.
After completion of this work, the complete nucleotide sequence of the and by Carbon et al. (35) . Our sequence belongs to rrnA, rrnD or an unmapped operon, while that of Brosius et al. (34) is from the rrnB operon.
Besides technical errors, therefore, possible explanation for the singlebase descrepancies would be cistronic heterogeneities, although the posi-tional heterogeneities suggested by Ehresmann et al. (22) differ from the residues in question.
The base pairs at positions 740 and 800 shown by dot in our sequence are asigned as C-G and G-C, respectively, in the rrnB operon (34) and also in 16S rRNA (35) . Because the corresponding nucleotides do not appear on our sequencing gel patterns and leave blank spaces, C residues of these pair must have methylated bases (36) .
